Summary. The third (4-cell) and fourth (8-cell) cell cycles of early mouse development have been analysed in populations of blastomeres synchronized to the preceding cleavage division. DNA content was measured microdensitometrically. The entry of blastomeres into these cell cycles showed considerable heterogeneity both within and between individual embryos. This heterogeneity was greater in the fourth than in the third cell cycle. The component phases of the third cell cycle were estimated as G, = 1 h, S = 7 h, and G2 + M = 2\p=n-\5 h, and those of the fourth cell cycle as G1 = 2 h, S = 7 h, and G2 + M = 1\p=n-\3h.
Introduction
An understanding of the kinetics of the cell cycle in embryonic cells is important for two reasons. First, it is possible that cellular receptivity to developmental signals and hence progress into a new state of differentiation and/or developmental commitment may be limited to a particular phase of the cell cycle. Second, the passage of time during embryogenesis may be measured by the number of cell cycles (or some component thereof) elapsed since a prior time-setting event, such as, for example, fertilization.
We are interested in the process whereby cell diversity is generated in the very early mouse embryo, and in the interaction that evidently occurs between the temporal programme within the cells of the embryo and the spatial signalling among these cells (Johnson, 1985) . To understand and analyse the nature of this temporal programme, it is first necessary to describe the early cell cycles and their constituent parts. A number of studies, using a variety of techniques, have analysed the first two cell cycles (reviewed by Molls, Zamboglou & Streffer, 1983) . However, few studies have been made of the third and fourth cell cycles in which important cell interactions lay down a primary axis of differentiation within the embryo (Johnson, 1985) . We have investigated these cell cycles by use of a microdensitometric assay for the DNA content of individual blastomere nuclei.
Materials and Methods
Embryo collection. Female mice, 4-6 weeks old, of the MF1 strain (Olac, Bicester, Oxon, U.K.) or FjLAC strain (C57BL CBA/Ca, bred in the laboratory) were superovulated by an intraperitoneal injection of PMSG (Intervet, Cambridge, U.K.; 5-10 i.u. depending on size of animal) followed 48 h later by intraperitoneal injection of the same dose of hCG (Intervet). For fertilization in vivo, MF1 females were paired with a stud male (HC-CFLP, Hacking and Churchill, Ltd, Alconbury, U.K.) overnight. The presence of a vaginal plug was taken as a sign of mating. Mated mice were killed by cervical dislocation 48 h after the hCG injection, and the embryos were recovered by flushing the oviducts with pre-warmed (37°C) Medium 2 (Fulton & Whittingham, 1978) containing 4mg bovine serum albumin/ml [M2 + BSA]. The numbers of late 2-cell (2c), 3-cell (3c) and early 4-cell (4c) embryos were recorded (dividing cells were recorded as one cell) and all 2-cell embryos were transferred to Medium 16 (Whittingham, 1971) Bolton, Oades & Johnson (1984) , and stored at -20°C in the dark for a maximum of 1 week before densitometric quantitation. Embryonic nuclei and liver nuclei were measured for their integrated absorbance at 560 nm wavelength, with the 100 objective of a Vickers M86 microdensitometer (procedures described by Smith & Johnson, 1985) . At 
Results
Variation between and within embryos in the transition from 2-cell to 4-cell blastomeres
In 5 experiments a total of 671 2-cell embryos were scored at 1-h intervals for division to yield 3-cell or 4-cell embryos. Subsequently all 3-cell embryos were scored at 1-h intervals until the other (1/2) blastomere had divided. From the data collected, it was possible to estimate the variation in division times within an embryo (Table 1 , column 2). In 85% of embryos second cleavage occurred in both blastomeres within a period of 2 h or less. In contrast, within the population of embryos as a whole there was a period of 13 h over which blastomeres divided. There is therefore much greater variation between than within embryos in blastomere division times.
DNA replication in the 4-cell embryo
The large degree of heterogeneity amongst embryos in the time of transition from 2-cells to 4-cells made it impossible to map out the third cell cycle in terms of hours after hCG. However, 42% of 2-cell embryos divide to 4-cells within a period of 1 h, and these embryos were collected and cultured for periods of up to 13 h before they were scored for cell number and DNA content. The results of 5 such experiments are pooled in Fig. 1 . From these data the length of the G1 phase of the 3rd cell cycle was estimated as 1 h, the S phase as 7 h and G2 + M as between 2 and 5 h. 
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1 (47) 1(53 Variation between and within embryos in the transition from the 4-cell to the 8-cell stage Two protocols were used in this experiment. In Protocol 1, synchronous populations of 4-cell embryos, derived from embryos in which both blastomeres of a 2-cell embryo had divided within 1 h, were cultured through the entire third cell cycle and into the fourth cell cycle. These syn¬ chronized embryos were observed at 1-h intervals from 10 h in culture onwards, and any blastomeres that had divided within each embryo were recorded. In Protocol 2, a random popula¬ tion of late 4-cell embryos was examined every hour and any divisions of blastomeres were recorded. The results for both protocols are shown in Table 2 , columns 3 and 4. As expected, there was greater within-embryo variation at the 4-cell to 8-cell transition for randomly selected 4-cell embryos (column 3) than for synchronized 4-cell embryos (column 4). Moreover, within-embryo heterogeneity of blastomeres increased with advancing developmental stage, as is seen by compar¬ ing columns 2 and 3 in Table 1 . Similarly, in the proportion of embryos as a whole there was an increase in the period over which all blastomeres divided from 13 h (2 to 4 transition) to 15 h (4 to 8 transition).
DNA replication in the 8-cell embryo Any 4-cell embryos that had divided to 8 cells within 1 h were cultured for up to 12 h before they were scored for cell number and DNA content. The results are shown in Fig. 2 . From this figure we estimate that G! lasts for 2 h, the S phase for 7 h and G2 + M for 1-3 h.
Discussion
We have measured the length of the phases of the third and fourth cell cycles by use of populations of blastomeres synchronized to the preceding cleavage division. Such an approach was essential in light of the developmental heterogeneity amongst blastomeres within and between embryos, a heterogeneity that tends to increase progressively during development (this report; Barlow, Owen & Graham, 1972; Kelly, Mulnard & Graham, 1978; Streffer, Van Beuningen, Molls, Zamboglou & Schulz, 1980; Chisholm, Johnson, Warren, Fleming & Pickering, 1985) . The selection of cleavage as a reliable expression of the cell cycle does not imply that cytokinesis itself is part of the regulatory system of developmental time; indeed, there is clear evidence that it is not (Surani, Barton & Burling, 1980; Pratt, Chakraborty & Surani, 1981; Petzoldt, Burki, Illmensee & Illmensee, 1983) .
The values for Glf S and G2 + M found here for the third and fourth cell cycles of mouse development are compared in Table 2 with published values for the first four cell cycles. In common with the three other reports of which we are aware, we find that G, of the third cell cycle is short (about 1 h), that the S phase lasts about 7 h and that G2 + M is variable, lasting between 2 and 5 h (Sawicki, Abramczuk & Blaton, 1978; Streffer et al., 1980; Molls et al., 1983) . Since these various studies used different mouse strains, different ovulation procedures, and different techniques for evaluating the lengths of each phase, the agreement amongst the reports is striking. The fourth cell cycle is similar to the third, but has a slightly longer Gx, a similar S and a shorter but variable G2 + M. Both of these cell cycles differ markedly from cell cycles 1 and 2, and do so principally in the length of the Gj phase of the first cell cycle, which is reported conflictingly to be either very short or long, and in the lengths of the G2 + M phases of the first and second cycles which are also reported as varying considerably, in some cases being rather long ( Table 2) .
The wide range of estimates for Gì of the first cell cycle probably arises in part because of lack of precision in the timing of fertilization and in part because of the atypical events occurring over this period. Fertilization is followed by completion of meiosis II, which takes about 1-2 h (Maro, Johnson, Pickering & Flach, 1984) , and therefore Gt begins with formation of the second polar body. Moreover, whereas in normal mitotic cell cycles the nuclear membranes form immediately on entry into interphase, in the 1 -cell zygote pronuclear membrane assembly is delayed by a further 2-4 h. Considerable refashioning of the sperm-derived chromatin, including replacement of the sperm protamines with oocyte histones, must occur and may account for this uncoupling of nuclear membrane formation from entry into interphase. In most of the reported studies, G! is taken to include completion of meiotic maturation, the period of membrane-free 'pronuclear' chromosome clusters as well as the pre-S pronuclear phase. A long Gj compared with the second, third and fourth cell cycles is not therefore surprising.
The greatest variability both between and within the studies recorded in Table 2 occurs in G2 + M for each of the first four cell cycles. It is possible that whilst the variability between results of studies for the first two cell cycles may reflect real differences between mouse strains, it could also represent in part an artefact due to the extreme sensitivity of embryos to environmental stress over this period. Our own unpublished observations suggest that lowering of the temperature from 37 to 20°C at any point between the S phases of cell cycles one and two leads to prolonged G2 + M phases in both of these cell cycles. When such a temperature drop is avoided, G2 + M of the first cell cycle is about 2-3 h and of the second cell cycle about 12 h, i.e. at the low end of the estimates in Table 2 and similar to their lengths in vivo. Indeed, in many mouse strains, G2 of the second cell cycle appears to be prolonged indefinitely when embryos are placed in vitro, the so-called '2-cell block' (Goddard & Pratt, 1983) . Despite the possibility that G2 + M of the second cell cycle may be susceptible to artefactual lengthening, even under optimal conditions it is clearly much longer than G2 of preceding and succeeding cycles. It may be significant that, over this period, maternal mRNA is largely destroyed, embryonic mRNA is both synthesized and translated into protein, and this protein is necessary and sufficient to carry the development of the embryo to the late 8-cell stage (Flach, Johnson, Braude, Taylor & Bolton, 1982; Giebelhaus, Heikkila & Schultz, 1983; Bolton et al., 1984) . Thus, the second cell cycle marks a critical step in the early differentiative process, and both the length of its G2 phase and its susceptibility to artefactual lengthening may reflect this.
It is less likely that the variable G2 + M phase observed here in the third and fourth cell cycles also results from experimentally introduced distortions, as care was taken in this study to avoid temperature drops. An increasing asynchrony of blastomeres within a single embryo has also been noted under a number of conditions by others (Barlow et al., 1972; Kelly et al., 1978; Streffer et al., 1980) . The results reported here suggest that the main component of this variability occurs in the last part of each cell cycle. At least one cell feature that influences the rate at which a blastomere progresses through its cell cycle is its size (Ziomek & Johnson, 1980; MacQueen & Johnson, 1983) although cell shape may also exert some influence (Surani & Barton, 1984) . The short G,, relatively long S and variable G2 phases observed in cell cycles 3 and 4 distinguish these blastomeres not only from those of preceding cycles but also from most other somatic cells in which variation in G1 accounts for most of the cell cycle variability observed (discussed by Lloyd, Poole & Edwards, 1982 (Smith & Johnson, 1985) .
